We review recent evidence that acetylation and deacetylation of cellular proteins, including transcription factors and nuclear cofactors, may be involved in the regulation of muscle mass. The level of protein acetylation is balanced by histone acetyltransferases (HATs) and histone deacetylases (HDACs) and studies suggest that this balance is perturbed in muscle 
Introduction
Under normal conditions, protein homeostasis in skeletal muscle is maintained by equal rates of protein synthesis and degradation. When this balance is perturbed with protein degradation rates exceeding those of protein synthesis, loss of muscle mass occurs. Loss of muscle mass, in part reflecting stimulated ubiquitin-proteasome-dependent and autophagylysosomal protein breakdown, is commonly seen in patients with cancer, sepsis, and severe injury [1] [2] [3] [4] [5] . Patients with diabetes and renal failure may also suffer from muscle wasting [6, 7] . Critical illness requiring care in the intensive care unit (ICU) and prolonged mechanical ventilatory support is associated with muscle wasting. In these patients, muscle mass is lost as a combined result of the underlying condition, bed rest, muscle inactivity, and mechanical ventilation [8, 9] . Patients in intensive care can lose about 2% of their muscle mass per day and some patients lose up to 50% of the muscle mass during their stay in the ICU. Muscle atrophy in elderly patients (sarcopenia) affects the quality of life in an increasing number of individuals as the elderly population keeps growing [10] . In addition, muscle strength is commonly lost as a result of the metabolic syndrome in older people [11] .
Muscle wasting is associated with multiple severe clinical consequences, most of which are related to loss of muscle function and strength caused by the breakdown of myofibrillar contractile proteins. Muscle weakness in critically ill patients makes ambulation difficult, prolonging bed rest and increasing the risk for thromboembolic and pulmonary complications. Involvement of respiratory muscles in the catabolic response further increases the risk for pulmonary complications, including atelectases and pneumonia, and also increases the need for ventilatory support [12] . Mechanical ventilation in itself results in a rapid onset of atrophy and weakness of respiratory muscles [13] thus creating a vicious circle. Weakness of respiratory muscles and respiratory failure are common in patients with advanced cancer and muscle wasting has been reported to contribute to the death in up to 50% of patients with cancer [4] .
The consequences of muscle wasting are long-lasting. Studies suggest that objective evidence of muscle wasting and weakness persists for several years after discharge from care in the ICU [8, 9] , including reduced walking speed and endurance and increased need for support in daily social activities.
Because of the significant consequences of muscle wasting, methods to prevent and treat this debilitating condition will have important clinical implications. Despite intensive research efforts in the field of muscle wasting during the last couple of decades, no effective treatment of muscle wasting exists. Continued efforts to find remedies for the loss of muscle mass in catabolic patients will to a great extent rely on increased knowledge of molecular mechanisms regulating muscle mass. In the present review, we discuss recent evidence suggesting that hyperacetylation of cellular proteins, including regulatory proteins such as transcription factors and nuclear cofactors, is an important mechanism of protein breakdown and muscle wasting. In addition, we review new methods to prevent hyperacetylation that may become an essential component of the prevention and treatment of muscle wasting.
2.
Protein acetylation is regulated by a balance between histone acetyltransferase (HAT) and histone deacetylase (HDAC) activities Most cellular proteins are subjected to posttranslational modifications that may influence both their function and turnover. Although phosphorylation and ubiquitination are the most extensively studied posttranslational modifications with regard to muscle wasting, other modifications are probably also involved [14, 15] . Recent studies suggest that protein acetylation may play a role in the regulation of muscle mass [16] [17] [18] [19] .
The reversible acetylation of cellular proteins may be as important as phosphorylation in cellular regulation [20] . Whereas different amino acids (e.g., threonine, serine, and tyrosine) can be phosphorylated, acetylation occurs on lysine residues. Interestingly, lysine is the target not only for acetylation, but for ubiquitination and sumoylation as well, setting the stage for a potential "traffic jam" at lysine residues for posttranslational modifications in muscle wasting [21] . The level of protein acetylation is regulated by enzymes that increase (HATs) or decrease (HDACs) acetylation. When the balance between these mechanisms is altered, the net result can be protein hyperacetylation or deacetylation (Fig. 1) .
Among different HATs, the nuclear cofactor p300 has attracted great interest because of its interaction with a large number of transcription factors and other regulatory proteins [22, 23] . p300 is a large protein with a molecular weight of approximately 300 kDa. It is homologous with another enzyme having HAT activity, CREB-binding protein (CBP), and the two molecules are commonly referred to as p300/CBP although they also have certain distinct biological activities [22] . Other enzymes with HAT activity include members of the Gcn5-related N-acetyltransferase (GNAT) family (Gcn5, PCAF) and the MYST group (MOZ, YBF2/SAS3, and TIP 60).
It was initially believed that the only (or at least the most important) function of p300 and other HATs was to catalyze the acetylation of histone lysine residues, thereby changing the configuration of chromatin and increasing the access of transcription factors to DNA binding sites. Studies have shown, however, that proteins other than histones are also acetylated by p300 and a more generic name (lysine acetyltransferases, KATs) has therefore been proposed to describe this group of enzymes [24] . In the present review, the term HAT is used since it is still most commonly used in the literature. The p300 and CBP HATs have more than 70 defined histone and nonhistone substrates [22] .
Although protein acetylation is regulated by a number of different HATs, the present review is focused mainly on p300 since this nuclear cofactor has been implicated in the regulation of muscle cell differentiation [25] and muscle wasting [16] [17] [18] [19] . p300 regulates the acetylation of both histones and nonhistone proteins, including transcription factors and nuclear cofactors involved in the regulation of muscle mass, such as NF-kB/p65 [26] , FOXO transcription factors [27] , C/EBPβ [28] , and PGC-1α [29] . p300 HAT activity involves initial binding of the enzyme to acetyl-CoA. Recent determination of the high-resolution x-ray structure of the p300 molecule suggests that a narrow tunnel in p300 accommodates acetyl-CoA [30] . The acetyl-CoA/p300 complex transiently binds to the positively charged target lysine in the protein to be acetylated and dissociates from the acetylated lysine immediately after acetyl transfer. This "hit-and-run" mechanism has been the basis for the development of selective small-molecule inhibitors [31] .
Protein hyperacetylation can be caused not only by increased HAT activity but also by reduced HDAC activity or a combination of these changes (see Fig. 1 ). Enzymes regulating deacetylation (HDACs) constitute a family consisting of at least 18 members divided into three classes [32] . Interestingly, HATs and HDACs interact not only by regulating the acetylation and deacetylation of the same target protein but also by a complex cross talk. For example, to maximize enzymatic activity, p300 not only acetylates itself by autoacetylation [22] but also acetylates the histone deacetylase SIRT2, a process that inactivates SIRT2 which in turn further increases the acetylation (and activity) of p300 [33, 34] .
Hyperacetylation stimulates protein degradation
A number of recent reports suggest that both HATs and HDACs can regulate the degradation of cellular proteins and that the acetylation status of the protein is a factor that determines degradation rates [35, 36] . Some studies suggest that acetylation of a lysine residue may reduce the degradation of certain proteins by "locking" a lysine residue, thereby blocking its ubiquitination and the proteasome-dependent degradation of the protein [35, 36] . In contrast, other studies provided evidence that lysine acetylation is a signal that stimulates the degradation of many proteins, including hypoxia-inducible factor 1α (HIF-1α) [37] , the SV40 T antigen [38] , and the retinoblastoma tumor suppressor protein RB [39] .
Mechanisms involved in acetylation-induced protein degradation are complex. In addition to direct regulation of the degradation of proteins by their acetylation, there are several indirect mechanisms by which acetylation and deacetylation may influence protein degradation. One such mechanism is the activation of certain transcription factors and other proteins regulating the transcription of genes involved in muscle wasting. Indeed, regulation of NF-kB/p65, C/EBPβ, and FOXO transcription factors by acetylation is well documented [26] [27] [28] and may be a mechanism by which they regulate muscle mass in various muscle wasting conditions [40] . Interestingly, a recent study suggests that acetylated FOXO1 stimulates autophagy [41] , an important observation considering the role of autophagy/lysosomal proteolysis in muscle wasting [5] .
An additional potential mechanism by which HATs influence protein degradation is their relationships with the ubiquitin-proteasome proteolytic pathway. Studies suggest that several HATs (including p300, CBP, and PCAF) exert intrinsic ubiquitin ligase and polyubiquitination activities in addition to their acetyltransferase activity [35, 36] . For example, a previous report [42] identified p53 as a target of p300/ CBP-regulated polyubiquitination activity and other studies have shown that the N-terminal of the p300/CBP-associated factor, PCAF, has a domain with ubiquitin ligase activity [43] . A potential mechanism by which acetylation may interact with ubiquitination of proteins and stimulate proteasome-dependent proteolysis is illustrated in Fig. 2A .
Besides HATs having dual activities (i.e., acetyltransferase and ubiquitination activities), there is evidence that individual HATs and HDACs can form complexes with different enzymes regulating protein ubiquitination [35, 36] . Several examples of interactions between ubiquitin ligase complexes and HATs [44] and HDACs [45] have been reported and although it is not known how these complexes stimulate protein degradation, it is possible that HAT-and HDACregulated acetylation (and activation) of the associated ubiquitin ligases play a role.
An additional example of an indirect mechanism by which acetylation results in increased protein degradation is acetylation of the chaperone protein HSP90. Similar to other chaperones, HSP90 stabilizes multiple cellular proteins. Recent studies suggest that acetylation of HSP90 reduces its protective effects leading to accelerated degradation of several HSP90-interacting proteins [46, 47] as illustrated in a schematic form in Fig. 2B .
It is obvious, then, that hyperacetylation may stimulate protein degradation by multiple and complex mechanisms. Because apparently contradictory results have also been reported suggesting that hyperacetylation stabilizes certain proteins [35, 36, 48] , it is possible that the regulation of protein degradation by acetylation varies with different proteins and in different cell types. The mechanisms by which HATs and HDACs regulate protein breakdown in muscle wasting conditions are not known but are important subjects for future studies. A recent study from our laboratory suggests that p300-dependent acetylation of multiple muscle wastingrelated transcription factors may be involved in the loss of muscle mass during catabolic conditions [40] .
4.
Muscle wasting is regulated by p300-dependent hyperacetylation
Our laboratory was the first to report evidence suggesting that muscle wasting may at least in part be regulated by hyperacetylation. When cultured L6 myotubes were treated with dexamethasone (an experimental model that replicates sepsis-and glucocorticoid-induced muscle protein degradation, activation of the ubiquitin-proteasome pathway and muscle atrophy), we found a time-and dose-dependent increase in p300 protein levels, mainly reflecting stimulated synthesis of p300 [16] .
In subsequent experiments, we found evidence that the increased p300 expression in dexamethasone-treated myotubes was accompanied by increased HAT activity [17] . In the same study, treatment of the myotubes with dexamethasone resulted in reduced expression of HDAC3 (a class I HDAC) and HDAC6 (a class II HDAC) and decreased HDAC activity, providing additional mechanisms of hyperacetylation.
In additional experiments in the same study [17] , molecular evidence was found that p300 and its HAT activity are involved in dexamethasone-induced muscle proteolysis. Thus, when p300 expression was knocked down in cultured myotubes with p300 siRNA, the dexamethasone-induced increase in protein degradation was abolished. Furthermore, when the cultured muscle cells were transfected with a mutated p300 plasmid lacking HAT activity, the dexamethasone-induced increase in protein degradation was abolished. Taken together, our observations in dexamethasone-treated myotubes suggest that glucocorticoid-induced muscle wasting is at least in part regulated by p300 and that the role of p300 reflects its HAT activity.
Our observations suggesting a role of p300 in glucocorticoid-induced muscle wasting were confirmed in a recent study by Tobimatsu et al [18] . In that study, blocking p300 by transfecting cultured muscle cells with a plasmid expressing wild-type CBP/p300-interacting transactivator with ED-rich tail 2 (Cited2), which binds to the cysteine-histidine-rich region 1 of p300, prevented dexamethasone-induced atrophy of the muscle cells and the induction of atrogin-1 and MuRF1. The myotube-sparing effects were less pronounced with a mutated form of Cited2 that lacked the ability to bind p300, further supporting the role of p300/HAT in glucocorticoidinduced muscle wasting.
In more recent experiments, we found that septic peritonitis in rats resulted in increased p300 expression and HAT activity in skeletal muscle [19] , similar to our observations in dexamethasone-treated myotubes [16, 17] . In the same study [19] , sepsis in rats resulted in reduced expression of HDAC3, HDAC6, and SIRT1 (a class III HDAC). In more recent experiments, the reduction of muscle SIRT1 expression in septic rats was particularly pronounced and more long-lasting than the reduction of other HDACs (unpublished observations). Importantly, the reduced expression of SIRT1 and other HDACs was accompanied by reduced HDAC activity in skeletal muscle. Interestingly, the downregulation of HDAC expression and activity occurred earlier than the increase in p300/ HAT expression and activity, possibly reflecting activation of p300 caused by hyperacetylation secondary to reduced HDAC activity. Taken together, our results suggest that muscle wasting in a clinically relevant model of sepsis (septic peritonitis in rats) is associated with increased p300/HAT expression and activity and reduced expression and activity of HDACs.
Induction of hyperacetylation with HDAC inhibitor stimulates muscle proteolysis
Inhibition of HDAC activity shifts the balance between HATs and HDACs and results in protein hyperacetylation. A number of drugs inhibiting HDAC activity have been described [49] and have been of particular interest for cancer treatment [50] . In addition, drugs that inhibit HDAC activity are important tools to test the role of hyperacetylation in metabolic events.
Trichostatin A (TSA) is a well known inhibitor of class I and II HDACs [49] . Although the inhibition of HDAC activity in itself results in protein hyperacetylation, studies suggest that additional mechanisms contribute to TSA-induced hyperacetylation. For example, in a recent study, treatment of cultured T47D cells (a breast adenocarcinoma cell line) and HeLa cells (a human cervical carcinoma cell line) with TSA resulted in increased acetylation of p300, stimulated p300/HAT activity, and increased stability (reduced degradation) of p300 [51] . Thus, treatment with TSA may increase protein acetylation by multiple mechanisms, including inhibition of HDAC activity, acetylation and activation of p300, and increased amounts of p300 secondary to increased stability of p300.
Based on our recent observations that dexamethasone treatment of cultured myotubes [17] and induction of sepsis in rats [19] resulted in increased p300/HAT and reduced HDAC3 and 6 expression and activity in skeletal muscle, we hypothesized that induction of hyperacetylation by treatment with TSA would stimulate muscle proteolysis. Indeed, when cultured myotubes were treated with TSA, protein degradation was increased [17] . The effects of TSA and dexamethasone on protein degradation were almost identical and no further (additive) effects were noted when the myotubes were treated with both dexamethasone and TSA, suggesting that the drugs stimulate protein degradation by the same mechanism (i.e., hyperacetylation).
In other experiments, treatment of rats in vivo with TSA also resulted in stimulated muscle protein breakdown [19] . Interestingly, the increase in muscle proteolysis was associated with increased expression of atrogin-1, suggesting that hyperacetylation may upregulate ubiquitin-proteasome-dependent muscle proteolysis. Of note, MuRF1 expression was not increased in TSA-treated rats [19] . A differential regulation of atrogin-1 and MuRF1 in muscle wasting was reported previously, possibly reflecting differential involvement of transcription factors regulating the expression of the ubiquitin ligases [52, 53] or a complex crosstalk between the ubiquitin ligases and their regulators [54, 55] . The mechanisms involved in the selective upregulation of atrogin-1 by hyperacetylation remain to be determined.
It should be pointed out that although our recent observations suggest that treatment with TSA may induce muscle wasting secondary to increased protein breakdown [17, 19] , apparently contradictory results have been reported. For example, Narver et al [56] found that TSA had beneficial effects in a mouse model of spinal muscular atrophy. Even though the reasons for these apparently contradictory results are not known at present, they may reflect different roles of hyperacetylation in different muscle wasting conditions. It should also be noted that in the study by Narver et al [56] , TSA treatment was combined with aggressive nutritional support which complicates the interpretation of the results as far as the role of hyperacetylation in itself is concerned.
6.
HDAC6 expression is reduced in skeletal muscle during sepsis and may regulate muscle mass through multiple mechanisms Among different HDACs, the expression of HDAC6 (together with SIRT1) was reduced in skeletal muscle from septic rats [19] . Previous studies reported HDAC6-related mechanisms that may be involved in muscle wasting in addition to its deacetylating activity. One such mechanism reflects the presence of a ubiquitin binding domain in the N-terminal of the HDAC6 molecule [45] . High affinity binding of HDAC6 to ubiquitin may prevent the ubiquitination of other proteins (by competition) and delay their processing by the proteasome [57] . Therefore, it is possible that reduced levels of HDAC6, as observed in dexamethasone-treated myotubes [17] and in muscle from septic rats [19] , may increase the ubiquitination and degradation of certain proteins.
An additional interesting mechanism by which HDAC6 may regulate muscle proteolysis is its interaction with p97/ valosin-containing protein (p97/VCP). The HDAC6 partner p97/ VCP is a chaperone involved in the regulation of a number of different cellular functions, many of them dependent on its ability to disassemble various complexes, including those containing ubiquitinated proteins. Studies suggest that p97/ VCP may influence protein degradation by multiple mechanisms [reviewed in 58, 59] . First, p97/VCP may act as a chaperone transferring ubiquitinated proteins to the proteasome. Second, p97/VCP may be a component of the 26S proteasome. Third, p97/VCP may participate in the unfolding of ubiquitinated proteins before their injection into the proteasome. Interestingly, p97/VCP may be necessary for the degradation of IkBα resulting in NF-kB activation [60] . Although most previous studies on the role of p97/VCP in ubiquitin-proteasome-dependent proteolysis were performed in non-muscle cells, we proposed already 10 years ago that p97/VCP may be involved in muscle wasting [58] .
Recent studies suggest that the equilibrium between HDAC6 and p97/VCP cellular concentrations may be critical in the determination of how ubiquitinated proteins are handled [57] . An excess of p97/VCP over HDAC6 facilitates the release of ubiquitin-bound HDAC6 and the delivery of ubiquitinated proteins to the proteasome. In contrast, a relative excess of HDAC6 over p97/VCP results in the accumulation of ubiquitinated and unfolded proteins, resulting in the formation of aggresomes and stimulation of autophagy.
Of note, the present discussion was focused on HDAC6 because we found recently that sepsis in rats resulted in reduced levels of HDAC6 mRNA and protein in skeletal muscle accompanied by reduced HDAC activity [19] . Our observations do not rule out that reduced expression and activity of other HDACs are also involved in muscle wasting during sepsis and other catabolic conditions. Indeed, in our recent study, the protein expression of SIRT1 was also reduced in skeletal muscle during sepsis [19] and results from other experiments in our laboratory suggest that reduced expression and activity of SIRT1 are important mechanisms of glucocorticoid-induced muscle wasting [61] .
Prevention of hyperacetylation may preserve muscle mass
Protein hyperacetylation may be reversed by inhibition of HAT activity and/or stimulation of HDAC activity (see Fig. 1) . A number of different drugs with p300 inhibitory properties have been described in the literature. Several of those inhibitors are natural products or derivatives of those products, including curcumin (isolated from turmeric), garcinol (from garlic), the garcinol derivative LTK-14, and anacardic acid (from cashew nuts) [62] [63] [64] [65] [66] [67] . Like many pharmacologic inhibitors, most of these drugs are not specific in their actions. For example, curcumin inhibits NF-kB activity and is an oxygen radical scavenger in addition to being a p300 inhibitor [68] . Of note, we used curcumin in a recent study to block sepsis-induced muscle wasting [67] and in that report, we interpreted the effects of curcumin as being caused mainly by inhibition of NF-kB. The possibility that the muscle sparing effects of curcumin in that study reflected inhibition of p300 can not be ruled out, and if so, it is not known if curcumin exerted its effects by blocking p300-dependent acetylation of NF-kB/p65, explaining why NF-kB activity was reduced [26, 67] , or by blocking acetylation of other protein(s).
Given the lack of specificity of many drugs with p300 inhibitory properties, recent research has focused on small molecules with a substantially higher degree of specificity. Lys-CoA is a specific p300 inhibitor with high potency but its use is limited by not being cell permeable [69] . Cole and coworkers [70] reported recently on a selective small molecule p300 inhibitor, C646, which is a competitive p300/HAT inhibitor with a Ki of 400 nM and is selective versus other acetyltransferases. The drug was identified by using virtual ligand screening and built on knowledge of the highresolution X-ray structure of p300. C646 docks into a narrow tunnel in the p300 molecule that otherwise accommodates acetyl-CoA and the interaction between C646 and p300 therefore excludes acetyl-CoA from p300 explaining why C646 is a competitive inhibitor of p300. The effects of C646 on sepsis-and glucocorticoid-induced hyperacetylation, muscle wasting, and muscle weakness remain to be determined.
In recent studies, we and others found genetic evidence that inhibition of p300/HAT expression and activity can prevent glucocorticoid-induced protein degradation in cultured myotubes [17, 18] . In additional experiments, we found recently that downregulation of p300 expression reduced dexamethasone-induced acetylation of several muscle wasting-related transcription factors, upregulation of MuRF1 expression, and atrophy in cultured myotubes [40] . Those observations lend further support to the concept that inhibition of p300 may prevent muscle wasting, at least muscle wasting regulated by glucocorticoids.
An alternative method to reduce protein hyperacetylation is to stimulate HDAC activity. Small molecule HDAC activators were described recently [71] . In addition, several natural products, including resveratrol, have been reported to activate HDACs. Resveratrol is a polyphenolic compound mainly found in the skin of grapes and is present in red wine [72, 73] . It has been shown to significantly increase SIRT1 activity through an allosteric interaction, resulting in increased affinity for both NAD+ and the acetylated substrate [74] . Although resveratrol is frequently used as a SIRT1 activator, it has other important properties as well, including antioxidant properties [75] , inhibition of NF-kB [76] , and activation of the AMP-activated protein kinase (AMPK) [77] .
In recent experiments, we found evidence suggesting that resveratrol can prevent glucocorticoid-induced muscle wasting through a SIRT1-dependent mechanism [61] . In those experiments, resveratrol prevented dexamethasone-induced acetylation of FOXO1, expression of atrogin-1 and MuRF1, and protein degradation in cultured myotubes. In addition, dexamethasone-induced atrophy of myotubes was blocked by resveratrol. In the same study, resveratrol activated SIRT1 and downregulation of SIRT1 expression with SIRT1 siRNA blocked the beneficial effects of resveratrol. Taken together, those results support the concept that activation of the histone deacetylase SIRT1 with resveratrol can prevent glucocorticoid-induced hyperacetylation and muscle wasting. Additional studies support the beneficial effects of resveratrol in various conditions characterized by a catabolic response in skeletal muscle [78] [79] [80] [81] [82] . The role of resveratrol in the treatment of metabolic diseases associated with muscle wasting, such as obesity and type 2 diabetes mellitus, is being increasingly recognized [83] .
Several muscle wasting-associated transcription factors are regulated by acetylation
There is evidence that genes regulating ubiquitin-proteasome-dependent and autophagy-lysosomal protein breakdown during muscle wasting are under the control of multiple transcription factors, including FOXO transcription factors [53, [84] [85] [86] , members of the C/EBP family of transcription factors [87] [88] [89] , and NF-kB [52, [90] [91] [92] [93] . The activity of these transcription factors is regulated by different posttranslational modifications, including acetylation.
Several studies suggest that FOXO transcription factors are regulated by acetylation mediated by both p300-dependent acetylation [27] and SIRT1-dependent deacetylation [94, 95] . Although some reports suggest that acetylation of FOXO transcription factors results in decreased activity [96] [97] [98] , several other reports provided evidence that FOXO activity is increased by acetylation [27, 99, 100] . It is possible that previous, apparently conflicting results with regards to the functional consequences of FOXO acetylation at least in part reflect different cell types being studied and differential effects of individual HATs and HDACs regulating the acetylation of different lysine residues. In addition, there is evidence to suggest that acetylation may enhance or repress FOXO transcription factors in a target gene-specific manner [94, 97] . The complex regulation of FOXO activity by acetylation and deacetylation as well as by protein-protein interaction with other transcription factors and nuclear cofactors was reviewed recently [101] .
A role of FOXO acetylation and deacetylation in the regulation of metabolism has been reported in different cell types, such as cardiac myocytes [102] . In recent experiments in our laboratory, treatment of cultured myotubes with dexamethasone resulted in a robust increase in cellular levels of acetylated FOXO1 and FOXO3a [40] . Those were important observations because FOXO1 and FOXO3a were found in previous reports to regulate the transcription of the atrogin-1 and MuRF1 genes as well as genes involved in autophagylysosomal muscle proteolysis [53, [84] [85] [86] .
In our recent study, we found that nuclear levels of NF-kB/ p65 acetylated at Lys 310 were increased in dexamethasonetreated myotubes [40] . This was a significant finding because NF-kB/p65 is activated by acetylation of Lys 310 [26] and several previous reports provided strong evidence that NF-kB/ p65 is involved in muscle wasting during different catabolic conditions [52, 90, 91, 93] . Of note, the dexamethasone-induced acetylation of p65 was inhibited by p300 siRNA [40] , providing further support for the concept that p300 expression and activity are involved in muscle wasting.
A role of C/EBP transcription factors in muscle wasting, in particular C/EBPβ, was first reported in studies from our laboratory [87, 88, 103] . Those observations were recently corroborated by Zhang et al [89] who reported that C/EBPβ regulates muscle mass in cancer-induced muscle wasting.
In our previous study in which we found evidence that p300 expression was upregulated in dexamethasone-treated myotubes, co-immunoprecipitation also indicated that p300 formed a complex with C/EBPβ [16] . Although we did not determine levels of acetylated C/EBPβ in that study, more recent experiments in our laboratory suggest that C/EBPβ is acetylated in dexamethasone-treated myotubes in a doseand time-dependent manner and that the acetylation is at least in part regulated by p300 [40] . Of note, additional acetyltransferases have been reported to acetylate C/EBPβ, including CBP, PCAF, and GCN5 [28] .
Previous studies suggest that C/EBPβ acetylation is regulated not only by increased HAT activity but by reduced HDAC activity as well. For example, studies in cultured adipocytes suggest that treatment with glucocorticoids may increase C/ EBPβ acetylation through a combination of increased PCAF/ GCN5 and reduced HDAC activity [104, 105] .
There is evidence that several lysine residues in the C/EBPβ molecule can be acetylated and that acetylation of different lysines may have different functional consequences. For example, acetylation of C/EBPβ Lys 39 may be particularly important for transcriptional activation whereas acetylation of Lys 215 and 216 regulates C/EBPβ DNA binding activity [28] . It will be important in future experiments to determine whether C/EBPβ is acetylated in muscle wasting-related conditions other than dexamethasone-treated myotubes, and to define which lysines are acetylated as well as the functional consequences of their acetylation.
Taken together, reports from our and other laboratories suggest that FOXO transcription factors, NF-kB/p65, and C/ EBPβ may be involved in the regulation of muscle wastingassociated genes and that the activity of these transcription factors may be regulated by hyperacetylation.
9.
Multiple studies, but not all, support a role of hyperacetylation in protein degradation and muscle wasting
Although in the present review, several studies from our own laboratory were discussed, reports from other groups support the concept that protein hyperacetylation promotes protein degradation and may be involved in muscle wasting [35, 36] . The recent report by Tobimatsu et al [18] confirmed the role of p300 and its HAT activity in glucocorticoid-induced atrophy of cultured muscle cells. In another study, Jeong et al [106] reported that activation of CBP and inhibition of HDAC1 resulted in acetylation and autophagy-lysosomal degradation of Huntingtin protein (Htt). Other studies suggest that hyperacetylation results in increased degradation of E2F1 [107] , hypoxia-inducible factor-1 (HSF-1) [37] , the SV40 T antigen [38] , and the retinoblastoma tumor suppressor protein RB [39] . Several studies, in addition to a recent report from our laboratory [61] , suggest that the SIRT1 activator resveratrol (the activity of which reduces the levels of acetylated proteins) exerts beneficial effects in various conditions associated with muscle atrophy [78] [79] [80] [81] [82] .
Although multiple studies support the concept that hyperacetylation may result in increased protein degradation both in muscle cells and in other cell types, apparently contradictory results have also been reported. For example, recent studies suggest that HDAC1-and SIRT1-dependent deacetylation promotes ubiquitination and degradation of the transcription factor Smad7 [48] . Additional proteins that have been reported to be stabilized by increased acetylation include p53, Runx3, and MYC [reviewed in 36] . Therefore, the role of acetylation and deacetylation in the regulation of protein turnover may be protein-specific.
Important for the present review suggesting that hyperacetylation may be an important factor in muscle wasting, some reports seem to contradict that notion. For example, inhibition of class I and II HDACs in cultured C2C12 and human primary myocytes (setting the stage for increased levels of acetylated proteins) resulted in the formation of myotubes with increased cell size and abundance of muscle proteins [108] . In other studies, treatment with TSA resulted in functional and morphological recovery of muscles in mice with muscular dystrophy [109] and had beneficial effects in mice with spinal muscular atrophy [56] . Results in additional studies suggest that increased, rather than decreased, expression and activity of HDAC4 and 5, class IIa HDACs, are involved in denervation-induced muscle atrophy [110] [111] [112] and that exercise-induced muscle hypertrophy is associated with reduced HDAC4 and 5 activity [113] . Thus, the role of hyperacetylation in the regulation of muscle mass may be different in denervation-and exercise-induced changes than in muscle wasting caused by catabolic conditions, such as sepsis and high levels of glucocorticoids.
In a recent study by Senf et al [114] , transfection of rat soleus muscle with a dominant-negative p300, which lacks HAT activity and inhibits endogenous p300 HAT activity, increased FOXO reporter activity and induced the expression of atrogin-1. In contrast, transfection of wild-type p300 or CBP inhibited the increase in FOXO activity and atrogin-1 expression caused by 3 days of cast immobilization of both hind limbs in rats and by treatment of cultured C2C12 with dexamethasone or "starvation" induced by replacement of culture medium with salt solution. In addition, results in the same study [114] suggested that different members of the FOXO family of transcription factors may be differentially regulated by p300 with increased p300 expression repressing FOXO3a nuclear localization and activity but increasing FOXO1 nuclear translocation.
Although the report by Senf et al [114] may seem to contradict a role of p300-mediated hyperacetylation in muscle wasting, the results in that study need to be interpreted with caution for several reasons. First, the regulation of p300 Table 1 -Observations supporting a role of hyperacetylation in muscle wasting.
Increased p300/HAT expression and activity in dexamethasonetreated myotubes and septic rats [16, 17, 19] . Decreased expression and activity of HDAC3 and 6 and SIRT1 in dexamethasone-treated myotubes and septic rats [17, 19] . Prevention of glucocorticoid-induced muscle atrophy by inhibition of p300/HAT expression and activity [17, 18] . SIRT1-dependent prevention of glucocorticoid-induced muscle atrophy by resveratrol [61] . p300-dependent nuclear translocation of FOXO1 in skeletal muscle [114] . Hyperacetylation-induced degradation of cellular proteins [35] [36] [37] [38] [39] 106, 107] . Acetylation-mediated activation of muscle wasting-related transcription factors, including NF-kB/p65, C/EBPβ, and FOXO1 [26] [27] [28] . Acetylation of multiple muscle wasting-related transcription factors in dexamethasone-treated myotubes [40] . Stimulation of autophagy by acetylated FOXO1 [41] . Ubiquitin ligase and polyubiquitination activities by HATs [35, 36, 42, 43] . Increased muscle protein degradation and atrogin-1 expression following treatment with the HDAC inhibitor TSA [17, 19] .
expression and activity during muscle atrophy caused by immobilization may be different than the regulation of p300 during muscle wasting seen in various catabolic conditions, such as cancer, sepsis, and severe injury. Interestingly, muscle wasting caused by these conditions is typically more pronounced in white, fast-twitch than in red, slow-twitch skeletal muscle [115] . In contrast, red, slow-twitch muscle is more sensitive to the effects of immobilization, suggesting that different mechanisms may be involved in muscle wasting caused by catabolic conditions and immobilization. Of note, the experiments reported by Senf et al [114] were performed in the red, slow-twitch soleus muscle and it remains to be determined whether similar effects of p300 overexpression occur in white, fast-twitch muscle. Second, HAT activity was not determined in the different models of muscle atrophy used in the study by Senf et al [114] , i.e., 3-day hind limb immobilization and dexamethasone-treated or nutrient-deprived C2C12 muscle cells. Also, the influence of the wild-type or dominant-negative p300 plasmids on HAT activity was not determined. Finally, in light of our recent observation that sepsis-induced muscle wasting was associated with activation of FOXO1 but not FOXO3a or FOXO4 [85] , it was interesting to note that p300 overexpression resulted in increased nuclear localization (and most likely activation) of FOXO1 in the study by Senf et al [114] . A recent study by Bertaggia et al [98] supported the concept that FOXO3 activity in skeletal muscle is negatively regulated by acetylation. In that study, muscle atrophy was induced by denervation and the influence of catabolic conditions was not investigated. In addition, the effects of acetylation on FOXO1 activity were not examined.
Previous results supporting or contradicting a role of hyperacetylation in loss of muscle mass are summarized in Tables 1 and 2 . Regardless of the reasons for the apparently contradictory results with regards to the role of hyperacetylation in muscle wasting, it is obvious that additional studies are needed to clarify the exact role of acetylation in different conditions characterized by loss of muscle mass.
Summary and conclusions
Multiple recent studies, both from our laboratory and other laboratories, support a role of protein hyperacetylation in stimulated muscle proteolysis and loss of muscle mass during various catabolic conditions. Based on literature reviewed in this report, we propose a model in which increased HAT activity (at least in part regulated by increased expression of p300) and reduced HDAC activity (at least in part reflecting reduced expression and activity of HDAC3 and 6 and SIRT1) cooperate in acetylation of cellular proteins, including muscle wasting-related transcription factors, resulting in increased muscle protein breakdown and muscle atrophy (Fig. 3) . Importantly from a clinical standpoint, protein hyperacetylation may be reduced by p300/HAT inhibitors and HDAC activators, for example the SIRT1 activator resveratrol [61] , and these therapeutic modalities may prove fruitful in the prevention and treatment of muscle wasting. The present review, therefore, has obvious translational implications. It is important to emphasize again that some controversy exists with regards to the role of hyperacetylation in muscle Table 2 -Observations contradicting a role of hyperacetylation in muscle wasting.
Decreased degradation of certain hyperacetylated proteins [35, 36, 48] . Increased cell size and protein content in cultured muscle cells by HDAC inhibition [108] . Recovery of muscles in mice with muscular dystrophy by treatment with TSA [109] . Beneficial effects of TSA in mice with spinal muscular atrophy [56] . p300-and acetylation-dependent repression of FOXO3 activity in skeletal muscle [98, 114] . Increased expression and activity of HDAC4 and 5 in denervation-induced muscle atrophy [110] [111] [112] . Reduced HDAC4 and 5 activity in exercise-induced muscle hypertrophy [113] . Fig. 3 -Muscle wasting, mainly reflecting stimulated ubiquitin-proteasome-dependent and autophagy-lysosomal myofibrillar protein breakdown, may at least in part reflect hyperacetylation of cellular proteins regulated by increased p300/HAT expression and activity and decreased expression and activity of HDAC3 and 6 and SIRT1. Of note, whereas this model may reflect mechanisms involved in muscle wasting during various catabolic conditions, such as sepsis and high levels of glucocorticoids, the role of hyperacetylation may be different or even opposite in other conditions characterized by loss of muscle mass, for example denervation and immobilization.
wasting. A weakness of the current review and the argument for a role of hyperacetylation in muscle wasting is the lack of clinical evidence for prevention of muscle wasting by inhibition of acetylation. Despite this weakness, the present review will hopefully stimulate continued research on the role of protein acetylation for the loss of muscle mass in catabolic patients.
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